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Abstract  
The rate of ocean heat uptake depends on the mechanisms that transport heat between the 
surface and the ocean interior. A recent study found that the vertical heat transport driven by 
motions with scales smaller than 50 km (submesoscales) and  frequencies smaller than one day
-
1
 is upward. This transport competes with the other major components of the global heat 
transport, namely the downward heat transport explained by the large-scale wind-driven 
vertical circulation and vertical diffusion at small scales, and the upward heat transport 
associated with mesoscale eddies (50-300 km size). The contribution from motions with small 
spatial scales (< 50 km) and frequencies larger than one day
-1
, including internal gravity waves, 
has never been explicitly estimated.   
This study investigates this high-frequency (sub-daily) submesoscale contribution to the global 
heat transport. The major result of this study, based on the analysis of a high-resolution ocean 
model, is that including this high-frequency contribution surprisingly doubles the upward heat 
 
 
©2020 American Geophysical Union. All rights reserved. 
transport due to submesoscales in winter in the global ocean. This contribution typically 
concerns depths down to 200-500 m and can have a magnitude of up to 500 W/m2 in terms of 
heat fluxes at 40 m depth during winter, which causes a significant upward heat transport of ~7 
PW when integrated over the global ocean. Thus, such submesoscale heat transport, which is 
not resolved by climate models, impacts the heat uptake in the global ocean. The mechanisms 
involved in these results still need to be understood, which should be the scope of  future work. 
 
 
 
1. Introduction 
Transient climate change can be defined in terms of surface air temperature change and thus is 
fundamentally linked to the mechanisms that vertically transport heat from the air-sea interface 
down to the ocean interior, which contribute to setting the rate of ocean heat uptake (Griffies 
et al. 2015). Oceanic motions that govern these mechanisms cover a broad range of spatial and 
temporal scales, from centimeters to kilometers and from minutes to decades (Ferrari and 
Wunsch 2009; Klein and Lapeyre 2009). In the past ten years, there has been a growing 
appreciation for the role of ocean mesoscale eddies (with typical spatial scales of 50-300 km, 
temporal scales of days to months and therefore with small Rossby number) for the vertical 
heat transport. These eddies, that account for most of the kinetic energy in the global ocean 
(Ferrari and Wunsch 2009), are now thought to explain most of the upward vertical heat 
transport leading to warm the upper oceanic layers and cool lower layers (Wolfe et al. 2008). 
This transport is balanced by the downward heat transport explained by the large-scale wind-
driven vertical circulation as well as small-scale diffusive processes (that include small-scale 
processes not explicitly resolved by Climate models) (Griffies et al. 2015).   
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Numerical studies of the past five to ten years (see Fox-Kemper at al. 2011, Griffies et al. 2015) 
have pointed to another contribution to the vertical heat transport. This contribution involves 
motions with scales smaller than 0.5º (~50 km in mid-latitudes), called submesoscales in this 
study (see McWilliams 2016 for a review). Submesoscale motions include those associated 
with submesoscale thermal fronts and mixed-layer instabilities (MLIs) that are principally 
driven by the strain field of mesoscale eddies (Lapeyre et al. 2006, Capet et al. 2008, Fox-
Kemper et al. 2008, Ferrari 2011, Callies et al. 2016). They are characterized by large Rossby 
number and small Richardson number and, as such, they are balanced motions in gradient wind 
balance (i.e. with the nonlinear terms having the same order of magnitude as the Coriolis term) 
(McWilliams 2016). Such structures have been found to drive vertical heat fluxes, statistically 
upward, thus acting to restratify the upper oceanic layers (Tandon and Garrett, 1994, 1995, 
Lapeyre et al. 2006, Boccaletti et al. 2007, Fox-Kemper et al. 2008, McWilliams et al. 2009). 
However, Su et al. (2018), using a global numerical model with a high spatial resolution, found 
that MLIs and submesoscale fronts in high energetic regions, such as the Gulf Stream, the 
Kuroshio Extension and the Antarctic Circumpolar Current, produce upward vertical heat 
fluxes with a magnitude much larger than suggested by previous studies, thus further warming 
the ocean surface and cooling deeper layers over depths of 200 m to 500 m. This magnitude 
reaches up to 200 W m−2 in wintertime at mid-latitudes when averaged over three months. Such 
magnitudes have been later confirmed by some in-situ experiments  (Yu et al. 2019, Siegelman 
et al. 2020). These submesoscale vertical heat fluxes, when integrated over the whole ocean 
and yearly-averaged, lead to a global vertical heat transport  of ~3.5 Petawatts (PW), a sea 
surface warming of 0.3°C  at mid-latitudes and a resulting heat release from the ocean  to the 
atmosphere of O(10) W m−2 (Su et al. 2018). Such submesoscale contribution to vertical heat 
transport, much larger than the 1 PW magnitude previously reported using parameterizations 
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of submesoscale contribution (Griffies et al. 2015), competes with the major contributors of 
vertical heat transport (Wolfe et al. 2008, Griffies et al. 2015).  
 
Su et al. (2018) have estimated submesoscale vertical heat fluxes using vertical velocity and 
temperature anomalies, each averaged over one day. These fluxes are hereafter referred to as 
low frequency (LF) vertical heat fluxes. The choice of not explicitly estimating the impact of 
motions with frequencies higher than one day
-1
 (high frequency or HF) was based on the 
assumption that these HF motions principally concern internal gravity waves (IGW) that 
experience a direct kinetic energy cascade (through nonlinear interactions) leading ultimately 
to turbulent mixing. Therefore, climate models that do not resolve these HF motions 
parameterize their impact on vertical heat fluxes as diffusive processes associated with the 
breaking of IGW (Wolfe et al. 2008, Griffies et al. 2015). This assumption may be questioned 
by recent findings (Thomas 2017, Siegelman 2020) that suggest HF motions may drive an 
upward heat transport. Such contribution to vertical heat fluxes is explained either by HF 
motions that are not waves but submesoscale balanced motions associated with Rossby number 
of order O(1) (i.e. frequencies larger than the Coriolis frequency, f) (Thomas et al. 2008, 
McWilliams et al. 2009), or/and by the interactions between IGWs and these HF balanced 
motions (Thomas 2017, Barkan et al. 2017, Rocha et al. 2018). These findings prompted us to 
revisit our vertical heat transport study in the global ocean by quantifying the impact of motions 
with frequencies higher than one day
-1
. 
 
We use the same numerical model with a high spatial resolution (1/48º, 90 vertical levels) as 
in Su et al. (2018) to produce an assessment of the HF heat transport in the global ocean. The 
new result of the present study is to show that HF motions drive a significant upward heat 
transport in winter associated with submesoscale thermal fronts located around and in-between 
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mesoscale eddies. The magnitude of this transport in the global ocean is equal to or larger than 
the one explained by LF submesoscale motions found in Su et al. (2018). The next section 
summarizes the main characteristics of the global ocean model used and the methodology 
employed to discriminate between LF and HF vertical heat fluxes. Results are detailed in 
section 3. A discussion of the possible physics explaining our results is offered in section 4. 
The last section summarizes our results.   
 
2. Methods 
To assess the impact of small-scale and high-frequency motions on vertical heat transport in 
the upper ocean over periods of O(months to years), we use a unique simulation, called 
LLC4320, with an unprecedented spatial resolution for a global model (1/48◦, 90 vertical 
levels), detailed in supporting information Text S1 (Menemenlis et al. 2008; Rocha et al. 2016; 
Large et al. 1994, 1997, 2004). We present the resolved advective vertical heat fluxes at 0.1º-
0.5º scale range (degree in terms of longitude), using widely-applied spatial and temporal filters 
(Supporting Information Text S2; Capet al. 2008a, 2008b; Su et al. 2018; Uchida et al. 2017). 
Here 0.1º is roughly the physically-resolved length scale captured by the simulations, which is 
usually estimated at 5 times the numerical resolution (1/48º in this study). Here 0.5º is chosen 
as the upper bound of the length scale to quantify the heat flux. Motions at scales smaller than 
0.5º are typically not resolved by current climate models, and therefore it is important to 
explicitly evaluate the associated flux at these scales. The diagnosed heat flux in this study only 
includes the advective flux resolved by this simulation (0.1º -0.5º scale range) and does not 
include parameterized fluxes, for example due to convection.  
 
We derive the HF contribution by obtaining the vertical heat fluxes from snapshots provided 
at every hour (including both HF and LF contributions), and then subtracting a LF contribution, 
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which is calculated from the daily-average of the hourly snapshots. We have found that the HF 
contribution of vertical heat fluxes is principally explained by submesoscales, as confirmed by 
the frequency-wavenumber vertical heat fluxes co-spectra (Figure 6). Thus, when referring to 
HF in our study, we implicitly refer to spatial scales < 0.5º, i.e. submesoscales. These scales 
are resolved in only high-resolution numerical models and not in climate models. Such HF flux 
are found to be large in winter and weak in summer. 
 
 
3.  Results 
3.1 Global Impact of HF Heat Fluxes. 
The global distribution and magnitude of HF and LF vertical heat fluxes explained by 
submesoscales, when averaged over three months during winter, are displayed on Figure 1 with 
the LF contribution (Figure 1a) identical to the one reported in Su et al. (2018). The HF 
contribution (Figure 1b), which represents the primary new result of this study, has a global 
distribution similar to the LF contribution (Figure 1a), i.e. principally intensified in high-EKE 
regions at mid-latitudes, such as the Kuroshio Extension, Gulf Stream, and Antarctic 
Circumpolar Current, as well as in the Northeastern Atlantic. The similarity between HF and 
LF contributions is confirmed by a pointwise comparison that leads to a correlation of 0.81. 
The HF contribution makes the total vertical heat fluxes (LF + HF contributions) to reach 
magnitudes of up to 500 W m−2  at 40 m (when averaged over a three-months period and a 300 
km box size) in the Kuroshio Extension and the Antarctic Circumpolar Current (Figure 2a). 
When zonally averaged over the global ocean, total vertical heat fluxes are mostly trapped 
within the first 200 m at mid-latitudes but can reach depth of up to 1000 m in the Northern 
Hemisphere (Figure 2c). HF contribution is systematically larger than the LF contribution in 
high-EKE regions, by a factor of almost two, but smaller in subtropical gyres as emphasized 
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by Figures 2b and 2d. This last result may be explained by our methodology that does not 
appropriately discriminate HF motions from LF motions in low latitudes. However since the 
total vertical heat fluxes at submesoscale is quite weak in these low latitudes, this does not 
change our conclusions for the global ocean. The HF contribution to vertical heat fluxes in 
summer (not shown), is negligible as is the LF submesoscale contribution (Su et al. 2018). As 
a general pattern, the ratio of HF vertical heat fluxes to the LF vertical heat fluxes increases 
with latitude (Figure 2b); this is partly due to the fact that the dynamic frequency of eddy 
motions typically increases with latitude. 
 
Integration of the total (LF + HF) vertical heat fluxes explained by submesoscales over the 
global ocean leads to an upward vertical heat transport, during winter, with a magnitude of 13.7 
PW at 40 m depth, equivalent to a global average flux of 37.8 W m−2. The corresponding 
annual-mean vertical heat transport is roughly half of wintertime values, which corresponds to 
almost 7 PW at 40 m. Such submesoscale contribution is large enough to be an important 
component in the ocean's net heat uptake. Indeed, it is almost five times larger than the upward 
mesoscale eddy contribution (see Su et al. 2018) in the first 400 m. The submesoscale flux that 
is directly resolved by this simulation is more than seven times larger than when the 
submesoscale component is estimated using parameterizations that only take into account 
MLIs (Fox-Kemper et al. 2011, Griffies et al. 2015). This difference suggests a need to consider 
other processes or revisit these parameterizations. In addition, the annual mean submesoscale 
heat flux near the surface (~20 W m−2) is comparable to the global ocean latent and sensible 
heat fluxes (90 W m−2 and 10 W m−2 respectively; IPCC 2015). This further emphasizes that 
the vertical transport explained by submesoscales, and in particular the HF contribution, that 
represents a little more than  50% of this transport, is a significant component of the global 
ocean heat budget.  
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The submesoscale contribution to the upward vertical heat transport will be balanced by other 
contributions, such as the downward heat flux due to the large-scale wind-driven vertical 
circulation and small-scale diffusive processes as well as the upward contributions of 
mesoscale eddies and convective adjustment (Wolfe et al. 2008, Griffies et al. 2015). Although 
the order of magnitude of the submesoscale contribution found here is similar to other 
contributions (see Figure 12 in Griffies et al. 2015), it is beyond the scope of this study to 
diagnose all of these components (as done in Wolfe et al. 2008, Griffies et al. 2015 and later 
studies). Indeed,  the present numerical simulation has been integrated at high resolution just 
for 14 months and therefore the large-scale circulation is not yet equilibrated (although the 
simulation’s mesoscale EKE compares well with observations, as reported in Torres et al., 
2018). Such equilibrium, as emphasized in Griffies et al. (2015) and in particular in the double-
gyre study of Levy et al. (2010) that explicitly takes into account submesoscales (see their 
figure 2), requires an integration over at least a decadal time scale to account for the impact of 
submesoscale structures on the large-scale circulation via energy transfer through mesoscale 
eddies (Sasaki et al 2014, Qiu et al. 2014, Dong et al. 2020).  
 
Nevertheless, the present results highlight the fundamental role of submesoscales, and in 
particular their HF component, on the upward vertical heat transport in winter, and therefore 
on the transient (seasonal) ocean heat uptake in the first 400 m.  The mechanisms that support 
a HF heat flux of this magnitude remain an open question. To better understand these 
mechanisms, the next subsections describe the vertical heat fluxes characteristics in physical 
and spectral spaces.  
 
3.2 Localization of HF Heat Fluxes in Physical Space.  
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As illustrated in the Kuroshio Extension region (Figure 3a), high-EKE regions are 
characterized by the presence of energetic submesoscale filaments of relative vorticity, many 
of them  located at the periphery of and in-between mesoscale eddies (see the black box in 
Figure 3a). These filaments are stretched by the eddy strain field and are usually associated 
with strong density gradients that, throughout most of the ocean, correspond to thermal fronts 
(Su et al. 2018). As further displayed on figures 3b,c and 4, these submesoscale fronts are the 
structures where both LF and HF vertical heat fluxes, averaged over one week, have the largest 
magnitude. These fronts and their associated vertical heat fluxes can reach depths down to 400 
m (Figures 3d,e). Both, LF and HF weekly-averaged contributions to vertical heat fluxes are 
positive (upward), with a local magnitude reaching ~1000 W m−2  (Figures 3b-e and 4), the HF 
magnitudes being even larger (Figures 3b,c and 4). These characteristics suggest that  HF 
vertical heat fluxes are driven by the same dynamics as the LF fluxes, i.e. associated with strong 
thermal fronts and strong relative vorticity within strain dominated areas. Such frontal 
dynamics around and in-between eddies and its impact on the vertical heat fluxes involving HF 
is revisited and discussed in Siegelman (2020) (see their Figure 12) but also has been revealed 
in some recent in-situ experiments (Yu et al. 2019, Siegelman et al. 2020). 
 
The localization of vertical heat fluxes in strain dominated regions in winter is confirmed by 
the scatterplot between these fluxes and the strain rate in the global ocean (Figure 2f). The 
correlation between the two fields is 0.66. One interesting result, emphasized by the 
comparison of Figures 2a, b and e, is that HF vertical fluxes are usually larger than LF ones in 
regions where the strain rate is larger than one day
-1
. This further emphasizes the impact of the 
strain field on the emergence of HF vertical heat fluxes.  
 
3.3 Temporal Variations of HF Heat Fluxes 
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Time-series of LF vertical heat fluxes (averaged over 100 km × 100 km boxes) in high-EKE 
regions exhibit intermittency at daily to weekly time scales as well as a strong seasonality (red 
curves on Figures 5a-e), consistent with Su et al. (2018). Time series of daily-averaged HF 
vertical heat fluxes (blue curves on Figures 5a-e) strongly co-vary with anomalies of LF fluxes 
in all regions (HF vs LF; Figures 5a-e), especially during winter. In all regions, the correlations 
between the two time series is larger than 0.7. This similar variability confirms the close 
connection between the processes producing HF and LF fluxes. Amplitudes of HF fluxes are 
typically larger than LF fluxes (up to 500-1000 W/m2) in the Kuroshio Extension and the 
Southern Ocean (Figures 5a and e), but both components are almost similar in the North 
Atlantic and the Agulhas Current (Figures 5b,d). The HF amplification of vertical heat fluxes 
is associated with an increase in the temporal correlation between vertical velocity and 
temperature: from 0.24 to 0.42 when using the hourly model output (LF+HF), as compared to 
the LF output. Thus HF and LF vertical heat fluxes are highly correlated both in space and 
time, suggesting the mechanisms that drive them are similar.  
 
3.4 Heat Flux Characteristics in Spectral Space 
Model outputs allow for the exploration of the variance partition of any quantity in terms of 
frequencies (ω) and wavenumbers (k), with k the modulus of the horizontal wavenumber. We 
take advantage of these outputs to infer the location of vertical heat fluxes in spectral space. To 
do so, we have estimated the vertical heat fluxes co-spectrum as detailed in the appendix 
(Torres et al. 2018). As already noted in Torres et al. (2018), the ω -k space includes two regions 
separated by the dispersion relation curve associated with the highest baroclinic mode taken 
into account in the model (dashed curve on Figure 6a). The spectral fluxes above and on the 
left of this curve are explained by the contribution of linear internal gravity waves. The spectral 
fluxes below and on the right of the dashed curve are explained by contribution of the balanced 
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motions (i.e. motions in geostrophic or gradient-wind balance, or BM) and contribution of 
unbalanced motions including nonlinear IGWs. The ω − k vertical heat fluxes co-spectra for 
the Kuroshio Extension (Figure 6b-c) are representative of most of the global ocean (see Figure 
7, for other regions). We have checked in all regions that the Parseval relation is verified, i.e. 
integration of the co-spectrum over all frequencies and wavenumbers leads to the same number 
as vertical heat fluxes integrated over the physical domain for three months. This relation has 
also been checked for HF (ω > 1 day
-1
) and LF (ω < 1 day
-1
) vertical heat fluxes. vertical heat 
fluxes co-spectra are shown in a variance preserving form. 
 
As a preliminary, it is useful to mention recent results related to HF motions in the spectral 
space using numerical outputs. Rocha et al. (2016) and Torres et al. (2018) found that, in 
summer, the variance of HF motions is principally distributed along the dispersion relation 
curves associated with IGWs. Moreover, as reported and explained by Rocha et al. (2016) and 
Lahaye et al. (2018), IGWs in summer are more energetic within the mixed-layer than in winter 
in most of the regions of the World ocean. On the other hand, in winter, a large part of the 
variance of HF motions is found in the region to the right of the dispersion relation curve 
associated with the highest baroclinic mode. Thus, in summer, HF motions seem to be 
principally explained by the contribution of IGW.  In winter, HF motions involve energetic 
motions at smaller spatial scales that may result from nonlinear mechanisms as discussed in 
the next section. These comments help to better understand the results related to the vertical 
heat fluxes in summer and winter and in particular their HF contribution.  
 
During winter, the contribution to vertical heat fluxes from IGW are very weak (Figure 6b). 
vertical heat fluxes at 40 m are principally explained by motions (below and at the right of the 
dashed curve) with spatial scales mostly smaller than 0.5º (~50 km in mid-latitudes), which 
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corroborates the 0.5º filter used in previous sections. vertical heat fluxes in this spectral region 
is principally positive and distributed broadly and continuously across both HF (ω > 1 day
-1
) 
and LF (ω < 1 day
-1
). The variance associated with the HF contribution is larger than the LF 
contribution, as found in physical space, and involves smaller scales (< 0.2º). At 200 m (Figure 
7), the relative contribution of mesoscale eddies (spatial scales > 0.5º) is larger than 
submesoscales, as expected. Both, at 40 m and 200 m, there is a continuity between HF and LF 
contributions that closely follows a nondispersive line: ω − ck = 0, with c ≈ 10 cm s−1. Thus, 
HF and LF vertical heat fluxes in winter occupy different regions of the spectral space, with 
HF vertical heat fluxes being associated not only with shorter time scales (by definition), but 
also with smaller spatial scales than LF vertical heat fluxes.  
 
The vertical heat fluxes co-spectrum strongly differs in summer. vertical heat fluxes become 
non negligible in the IGW region where these fluxes are mostly distributed along the dispersion 
relation curves associated with the different baroclinic modes with, both, positive and negative 
values. vertical heat fluxes averaged over the IGW region are negligible. Small positive vertical 
heat fluxes values are found in the BM region, but they mostly concern mesoscales and 
frequencies lower  than f.   
 
4. Discussion 
It remains difficult to infer the mechanisms responsible for the emergence of winter vertical 
heat fluxes with high-frequency in the range of spatial scales < 0.5º (~50km), using spectral 
characteristics alone. One explanation for the variance at high frequencies would be to invoke 
the Doppler shift mechanism, since the HF contribution is aligned with the LF one following a 
non-dispersive line, as mentioned above (see also Balwada et al. 2018). We do not reject this 
idea (Doppler shift mechanism), but we have not yet found a robust argument to explain why 
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this effect would give rise to an enhanced HF vertical heat fluxes in the winter, but not in the 
summer.  Alternatively, combining the vertical heat fluxes characteristics in physical space 
with those in spectral space suggests that either the ageostrophic character of submesoscale 
fronts, reported in recent studies (Siegelman 2020), or the nonlinear interactions between IGWs 
and balanced motions within such ageostrophic submesoscale fronts (see Thomas (2017) for a 
review) could give rise these large HF values. 
 
Since Hoskins and Bretherton (1972), it is known that thermal fronts are associated with large 
Rossby number and small Richardson number (see Molemaker et al. 2005, 2010, and Thomas 
et al. 2008 for the ocean). In-situ experiments of the past ten years in different parts of the 
World ocean (Shcherbina et al. 2013, Thompson et al. 2016, Viglione et al. 2018, Yu et al. 
2019, Siegelman et al. 2020) have confirmed that submesoscale thermal fronts, embedded in a 
strain field, exhibit scales much smaller than 50 km (i.e. ~5-10 km) and are characterized by 
large Rossby numbers (and therefore frequencies larger than f) and small Richardson numbers. 
The existence of such strongly ageostrophic fronts is consistent with the large variance found 
in the ω − k spectrum of relative vorticity and vertical velocity in the region to the right of the 
dashed curve for ω > f and for spatial scales smaller than 50 km as reported by Torres et al. 
(2018) and Siegelman (2020). Then, it is plausible that large vertical heat fluxes are found in 
this spectral region with large frequencies and large wavenumbers.  
 
In addition, recent theoretical findings (Xi and Vanneste 2015, Taylor and Straub 2016, 
Thomas 2017, Barkan et al. 2017 and Rocha et al. 2018) suggest that these large upward 
vertical heat fluxes may be further stimulated at HF in the presence of IGW. Indeed, large 
Rossby numbers and low Richardson numbers are known to impact the IGW dispersion 
relations (Kunze 1985) and therefore the IGW propagation and polarization within fronts. A 
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consequence is  that IGWs may be trapped in density fronts and become polarized in the cross-
front direction with their horizontal wavenumbers increasing. In this process, as detailed in 
Thomas (2017) and confirmed by Barkan et al. (2017) and Rocha et al. (2018), there is an 
energy transfer, driven by the strain field, from BMs to IGWs and ultimately from IGWs to the 
ageostrophic motions associated with thermal fronts, leading to an enhanced vertical velocity 
at HF and very small spatial scales. This would also contribute to an enhanced HF vertical heat 
fluxes.   
 
Invoking these arguments related to the strong ageostrophic character of submesoscale fronts 
seems to be pertinent. Whether  or not these ageostrophic physics are the only relevant 
processes needed to explain our results is beyond the scope of the present study, but is a worthy 
topic for future study.  
 
 
5. Conclusion 
The present results extend those of Su et al. (2018) by including the impact of HF motions on 
the vertical heat transport in the global ocean. They indicate that motions with small spatial 
and temporal scales (respectively < 0.5º and < 1 day) have a significant impact on the vertical 
heat transport and therefore on the ocean’s net heat uptake. This HF submesoscale component 
reaches a large magnitude of about 7 PW over the global ocean during winter at 40m depth and 
also large locally even down to 800m depth (Figure 1d); thus it competes with the other major 
components, namely the large-scale wind-driven vertical circulation, mesoscale eddies and 
small-scale diffusive processes. Not surprisingly, the HF submesoscale component, similar to 
the LF one, is located in submesoscale fronts (< 0.5º,  ~ 50km at mid-latitudes).   
 
 
 
©2020 American Geophysical Union. All rights reserved. 
The dynamics giving rise to the submesoscale component is consistent with the frontogenesis 
of submesoscale thermal fronts, as already discussed in Su et al. (2018) and recently confirmed 
by in-situ experiments (Yu et al. 2019, Siegelman et al. 2020). The mechanisms involved in 
the HF contribution still need to be deciphered. Invoking the strong ageostrophic character of 
submesoscale fronts as discussed in Thomas et al. (2008) and their interactions with IGWs (see 
Thomas 2017) seems to be a pertinent avenue to consider. Exploration of this avenue should 
be the purpose of future work.  
 
Our ocean global model at very high resolution has been integrated for only 14 months. Such 
global integration is at the limit of the existing computer capacity. Longer time integration will 
be needed in the future, when we have access to exascale computers, to assess more accurately 
the submesoscale component to the vertical heat transport with respect to others. However the 
present results stress that this component, and in particular its HF part, should not be ignored 
in future climate models. If not explicitly resolved, this component needs to be parameterized 
using a new dynamical approach that takes into account the full dynamics of submesoscale 
fronts. At last, in-situ observations at high spatial and temporal resolutions, are highly needed 
to better understand the mechanisms involved.  
 
One question to investigate is the impact of these vertical heat fluxes driven by submesoscale 
thermal fronts on the air-sea interactions and the coupled ocean-atmosphere system. Indeed, 
submesoscale (and mesoscale) SST fronts are known to trigger significant wind divergence 
that stimulates locally the turbulent latent and sensible heat fluxes in the atmosphere (Foussard 
et al. 2019a and b, Yang et al. 2019, Small et al. 2019). High-resolution coupled models are 
needed to address this question.  
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APPENDIX 
Vertical heat flux in the spectral space  
The frequency (𝜔) -wavenumber (𝑘) co-spectra of vertical heat fluxes is calculated as 
𝑉𝐻𝐹 = 𝑅𝑒[𝐶𝑝𝜌𝑊
^
𝑇
^
∗(𝑘, 𝜔)], 
where 𝑊
^
 is the Fourier transform of the vertical velocity, 𝑇
^
∗ is the conjugate of the Fourier 
transform of the potential temperature, 𝐶𝑝 is the heat capacity of the sea water, and 𝜌 is the 
potential density. Before computing the 𝜔 − 𝑘 co-spectrum, the mean and linear trend in space 
and time of W and T were removed. Subsequently, both de-trended variables were multiplied 
by a 3-D (x, y, t) Hanning window (see supplementary material for a detailed description of 
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the co-spectrum). The co-spectrum was calculated in 6𝑜 latitude x 6𝑜 longitude boxes and 3-
month hourly output. This permit to resolve wavelengths from ~4 to ~300 km and periods from 
2 hours to 45 days. The spectrum was azimuthally integrated in wavenumber space in order to 
express the co-spectrum in terms of the modulus of the horizontal wavenumber 𝑘. 
 
We calculate vertical heat fluxes in four regions with distinct ocean dynamics, but showing 
seasonality (Su et al., 2018; Torres et al., 2018): Kuroshio Extension, North Atlantic, Kerguelen 
Plateau, and Southeast Pacific. The co-spectra density (Re[Cp𝜌𝑊
^
𝑇
^
∗ ], unit: W m−2 cph−1 
cpkm−1) are shown in a variance preserving form, i.e. they are multiplied by the wavenumber 
and frequency to compensate for logarithmic shrinking on both axes (Torres et al. 2018). 
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Figure 1. Global patterns of the wintertime vertical heat flux associated with scales < 0.5º (~50 
km in mid-latitudes. Submesoscales). Wintertime refers to January-March in the Northern 
Hemisphere and July-September in the Southern Hemisphere. Values are spatially smoothed 
over 3◦ × 3◦ square boxes; positive values indicate upward. (a) Wintertime vertical heat flux at 
40 m depth, calculated from daily-mean model output (LF component). (b) As in panel (a) but 
for the difference between heat fluxes calculated from hourly output and from daily-mean 
output (HF component). (c) Zonal-mean wintertime vertical heat flux, calculated from daily-
mean model output (LF component). Dashed curves denote the wintertime zonally-averaged 
mixed layer depth (MLD) (black), using a potential density difference criteria of 0.03 kg m−3.  
(d) As in panel (c), but for the difference between the vertical heat fluxes calculated from hourly 
output and from daily-mean output (HF component).  
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Figure 2. (a), (c) Same as Figure 1a and 1c but for the total vertical heat flux (VHF) (LF+HF), 
at 40m depth and of the zonal averaging, respectively. (b), (d) The ratio of HF vertical heat 
fluxes to the LF vertical heat fluxes at 40 m depth and of the zonal average, respectively. (e) 
Surface mesoscale strain rate in winter. Areas with large mesoscale strain generally correspond 
to a high flux (panel e vs a) and a high ratio of HF to LF (panel e vs b). (f) Scatter plot between 
mesoscale strain shown in panel e and vertical heat fluxes shown in panel a, with a correlation 
coefficient r=0.66.   
 
 
©2020 American Geophysical Union. All rights reserved. 
 
 
Figure 3. (a) Surface relative vorticity in the Kuroshio Extension on February 4, 2012. (b) Low 
frequency (LF) vertical heat flux associated with scales < 0.5º at 40 m depth, corresponding to 
the black dashed box in panel (a). Values are averaged over the period 1-7 February, and are 
calculated using daily-mean model output: the LF component. Positive values represent 
upward fluxes; contours show isolines of sea surface height (SSH) with a 0.2 m contour 
spacing, indicating mesoscale eddies. (c) As in panel (b) but for the difference in vertical heat 
flux between those calculated from hourly snapshots and from daily-mean output: the high-
frequency (HF) component. The sum of panels (b) and (c) is the heat flux calculated from 
hourly snapshots. (d,e) As in panels (b,c) but for vertical sections along ∼36°∘ N as shown by 
the green dashed line in panel (a). The contours indicate isopycnals, indicating the heat fluxes 
are focused in regions with large lateral density gradients. The mixed layer depth, defined based 
on a potential density difference criteria of 0.03 kg/m3 (de Boyer Montégut et al. 2004), is 
shown by the dashed blue curve.  
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Figure 4. Same as Figure 3b-c but for other regions in the World Ocean: (a) North Atlantic, 
(b) Gulf Stream, (c) Kerguelen Plateau, (d) Southest Pacific, at 40 m depth. (a)-(b) are averaged 
over February 1-7 and (c)-(d) are averaged over August 1-7, corresponding to wintertime. 
These panels confirms the co-location of HF with LF flux around the edge of mesoscale eddies 
(contours), and the fact that the HF nearly doubles the magnitude of vertical heat fluxes. 
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Figure 5. Time series of vertical heat flux associated with scales < 0.5º at 40 m depth. Curves 
indicate heat fluxes calculated from daily-mean model output (red, LF), hourly snapshots 
(black, LF+HF), and the difference between the two (blue, HF). The LF+HF time series have 
been daily averaged for easier comparison. Heat flux calculations are from a 1◦ × 1◦ box 
centered at a given location in each region. Panels a to e respectively refer to the Kuroshio 
Extension (box centered at 39◦ N, 158◦ E), the Gulf Stream (box centered at 39°N,  66°W), 
(b) Northernmost Atlantic (box centered at 58°N, 24°W), (c) Agulhas Current (box centered 
at 43°S, 14°E),(d) the Southern Ocean (box centered at 50°S, 87°E). 
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Figure 6. (a) Schematic representation of oceanic motions in frequency-wavenumber space 
(given as cycles per hour, cph, and cycles per km, cpkm). LIGW denotes linear internal gravity 
waves; M2 denotes the M2 tidal frequency; f is the Coriolis frequency. The IGW dispersion 
relations are indicated by blue curves; the first, second and highest vertical modes are plotted. 
(b) Frequency-wavenumber co-spectrum of the vertical heat flux at 40 m depth during winter 
(January-March), and (c) summer (July-September), within the Kuroshio Extension region 
(black dashed box in Figure 3a). The co-spectra density (Re[Cp𝜌𝑊
^
𝑇
^
∗], unit: W m−2 cph−1 
cpkm−1) are shown in a variance preserving form, i.e. they are multiplied by the wavenumber 
and frequency to compensate for logarithmic shrinking on both axes. The blue curves show the 
IGW dispersion curve for the tenth baroclinic mode — the highest resolved by the simulation 
(Torres et al. 2018).  
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Figure 7. Same as Figure 6b-c but for more examples in other ocean regions: (a) North East 
Atlantic (48◦ -54◦ N, 328◦ -338◦ longitudes), (b) Kerguelen (44◦ -52◦ S, 92◦ -107◦ longitudes), (c) 
South East Pacific (55◦ -62◦ S, 243◦ -257◦ longitudes), in winter and summer, at 40 m depth and 
200 m depth. Wintertime is represented by Jan-Mar and Jul-Sep in the Northern Hemisphere 
and Southern Hemisphere, respectively, while summertime is represented by Jul-Sep and Jan-
Mar in the Northern Hemisphere and Southern Hemisphere, respectively. The co-spectra 
density (Re[Cp ρ ?̂? ?̂?∗ ], unit: W m−2 cph−1 cpkm−1 ) are multiplied by the wavenumber (K , 
unit: cpkm) and frequency (ω , unit: cph) to compensate for logarithmic shrinking on both axes. 
 
